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We studied electrophysiological properties of cultured retinal pigment epithelial (RPE) cells from mouse and a mouse model for Nor-
rie disease. Wild-type RPE cells revealed the expression of ion channels known from other species: delayed-rectiﬁer K+ channels com-
posed of Kv1.3 subunits, inward rectiﬁer K+ channels, CaV1.3 L-type Ca
2+ channels and outwardly rectifying Cl channels. Expression
pattern and the ion channel characteristics current density, blocker sensitivity, kinetics and voltage-dependence were compared in cells
from wild-type and Norrie mice. Although no signiﬁcant diﬀerences were observed, our study provides a base for future studies on ion
channel function and dysfunction in transgenic mouse models.
 2005 Elsevier Ltd. All rights reserved.
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Placed between the outermost layer of the photorecep-
tors and the choroidal capillary layer, the retinal pigment
epithelium (RPE) acts as a key element of the blood retinal
barrier (Bok, 1993). It is involved in the regulation of the
nutrient ﬂow and substrate exchange, phagocytosis and
recycling of shed photoreceptor outer segment disks and
retinoid metabolism (Finnemann, 2003; Thompson &
Gal, 2003; Young & Bok, 1969), secretion of growth fac-
tors (Tanihara, Inatani, & Honda, 1997), and homeostasis
of the ion composition in the subretinal space (Steinberg,
1985). Altered RPE–photoreceptor interaction may cause0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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in age-related macular degeneration (AMD) (Lutty, Grun-
wald, Majji, Uyama, & Yoneya, 1999) or retinitis pigmen-
tosa (Strauss, 2005).
In numerous studies, the expression and functional role
of voltage-dependent ion channels in the RPE of many spe-
cies including man have been described. These ion channels
are comprised of outwardly rectifying K+ channels such as
delayed rectiﬁer (Hughes, Takahira, & Segawa, 1995;
Strauss et al., 2002), M-type currents (Tanihara et al.,
1997) and Ca2+-dependent K+ channel (Tao & Kelly,
1995), inward rectiﬁer K+ channel (Hughes & Takahira,
1996), L-type Ca2+ channels (Strauss, Mergler, & Wieder-
holt, 1997; Ueda & Steinberg, 1993) and several types of
outwardly rectifying Cl channels (Strauss, Steinhausen,
Mergler, Stumpﬀ, & Wiederholt, 1999; Wills et al., 2000).
The delayed rectiﬁer K+ channels appeared to be mainly
composed of Kv1.3 subunits (Pinto & Klumpp, 1998),
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(Shimura et al., 2001) and the L-type Ca2+ channel is of the
CaV1.3 subtype which is determined by the expression of
a1D subunits (Strauss et al., 2000).
Recently, a knock-out mouse model was introduced
which resembles the phenotype of Norrie disease (ND) in
human (Berger et al., 1996). This neurodegenerative condi-
tion is a rare X-linked recessive disorder characterized by
congenital blindness, mental retardation and progressive
sensorineural hearing loss (Warburg, 1966). The mecha-
nisms causing the retinal degeneration remain unclear and
a possible involvement of alteredRPE-function has not been
elucidated so far. Recent morphological, physiological and
molecular studies revealed pathological changes in the inner
retina and vitreous (Berger, 1998). However, alterations like
a mild ERG phenotype, pigment mottling and progressive
degeneration of photoreceptor cells may also point to the
outer retinal layers (Berger, 1998; Lenzner et al., 2002; Rue-
ther et al., 1997). Therefore, involvement of the RPE in the
pathophysiology of this disease is possible too.
In the present work, we addressed two points. First, we
investigated the pattern of ion channels in mouse RPE
using the patch-clamp technique, Western blot and immu-
nocytochemistry. For the ﬁrst time, we could present data
of mouse RPE cells, that were successfully maintained in
primary culture. The second aspect was the electrophysio-
logical comparison of cultured RPE cells from ND-
knock-out mice and wild-type mice to shed light into a
potential involvement of the RPE in Norrie disease.
2. Materials and methods
2.1. Animals
Norrie mice were generated by homologous recombina-
tion in embryonic stem cells of mouse strain 129 (Berger
et al., 1996). The resulting mouse line was bred within the
C57BL/6 background for at least ﬁve generations. The kn-
ockout line is lacking the coding part of exon two of the
mouse Ndph (Norrie disease pseudoglioma homolog) gene,
including the ATG translation start codon. Status of the
Norrie gene andmouse gender were examined by PCR using
DNAderived from tail tissue of eachmouse sacriﬁced; status
was blinded for the duration of the patch-clamp studies.
Animals were treated in accordance to the ARVO state-
ment for the use of animals in ophthalmic and vision
research and the regulation for animal experiments of the
federal government of Germany.
2.2. Cell culture
Eyes from 12–14 day-old mice were enucleated and pro-
cessed following an adapted protocol from Edwards for
establishing primary cultures from retinal pigment epitheli-
um cells (Edwards, 1977). After an overnight incubation in
Pucks saline F, eyes were treated in trypsin solution (0.1%
in Pucks saline without Ca2+ and Mg2+) for 30 min at37 C. The bulbi were incised along the ora serrata and
the anterior part and the vitreous were removed. The reti-
nal layer was carefully stripped oﬀ from the ﬂattened pos-
terior compartment and a single layer RPE sheet was
isolated from the underlying Bruch membrane and collect-
ed in Hams F10 culture medium supplemented with 20%
fetal calf serum, 100 lg/ml kanamycin and 50 lg/ml genta-
mycin. Cells were dissociated by repeated pipetting. The
cell suspension was then plated onto 12 mm glass cover
slips inside a 60 mm cell culture dish. Attached cells started
to spread out after 24–48 h. Cultures were maintained at
37 C and 5% CO2 in air; medium was changed twice a
week. Cell culture media and supplements were purchased
from Biochrom (Berlin, Germany).
2.3. Patch-clamp recordings
Patch-clamp recordings were performed at room temper-
ature. Cover slips with semi-conﬂuent RPE cultures aging
between 4 and 12 days in culture were placed into a perfusion
chamber mounted onto the stage of an inverted microscope.
Only cells with a bright and healthy appearance were
approached. For recording of potassium channels, the cells
were superfused with a bath solution containing (in mM):
130NaCl, 3KCl, 0.3CaCl2, 0.6MgCl2, 14NaHCO3, 1NaH-
PO4, 33 N-2-hydroxyethylpiperazine-N
0-2ethanesulfonic
acid (Hepes), and 5.5 glucose, adjusted to pH 7.2 with Tris.
Studies of Ca2+ and Cl conductances were performed in a
K+-free bath solution consisting of (in mM): 130 NaCl, 3
TEACl, 0.2 CaCl2, 10 BaCl2, 0.6 MgCl2, 14 NaHCO3, 1
NaHPO3, 33 Hepes, 5.5 glucose, adjusted to pH 7.2 with
Tris. BaCl2 served as charge carrier to measure currents
through L-type Ca2+-channels. Patch-clamp electrodes were
pulled from borosilicate glass tubes using a universal puller
(DMZ; Zeitz, Augsburg, Germany) and showed a resistance
of 3–5 MX. The pipette solution used for K+-channel exper-
iments contained (in mM): 100 KCl, 10 NaCl, 0.5 CaCl2, 2
MgSO4, 10Hepes, adjusted to pH7.2withTris. Pipettes used
for experiments to measure Ca2+- and Cl-currents were
ﬁlled with (in mM): 100 CsCl, 10 NaCl, 0.5 CaCl2, 2 MgCl2,
5.5 EGTA–Tris, and 10 Hepes. Currents through K+-chan-
nels were recorded in the conventional whole-cell conﬁgura-
tion and Ca2+- and Cl-conductances were measured using
the perforated patch approach (150 lg/ml nystatin in pipette
solution). To avoid hyperosmotic swelling of the cells, the
pipette solution was approximately 60 mOsm hyposmotic
to the bath.Osmolarity wasmeasured using a vapor pressure
osmometer (model 5100 B;Wescor, Logan, UK). No chang-
es in cell size were observed during the whole-cell conﬁgura-
tion with these solutions. Membrane currents were recorded
using an EPC-7 patch-clamp ampliﬁer (HEKA; Lamprecht,
Germany) and low-pass-ﬁltered at 3 kHz. An AT compati-
ble computer and TIDA software (HEKA; Lamprecht, Ger-
many) were used for electrical stimulation as well as for data
storage and analysis. The membrane capacitance and access
resistance were compensated after the whole-cell conﬁgura-
tion was established. The access resistance was compensated
Fig. 1. Immunocytochemistry on cultured murine RPE cells. (A) Staining
of cultured cells with antibodies against class III b-tubulin. Labelling with
FITC conjugated goat anti-mouse IgG. (C) Staining against Kv1.3
subunits. (E) Staining against a1D-subunit of L-type Ca
2+-channels. (B, D
and F) Staining in the absence of the corresponding primary antibodies.
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tance did not exceed 10 MX. The resting potential was mea-
sured directly after establishing the perforated-patch or
whole-cell conﬁguration and before membrane capacitance
or access resistance were compensated. The membrane
capacitance was calculated from the integration of the area
below a transient capacitative current curve, resulting from
a voltage step of +10 mV for 30 ms. The access resistance
was calculated from the relaxation time constant of the same
capacitative current. The mean membrane capacitance in
RPE cells from wild-type mice was 121 ± 8.5 pF (n = 63)
and in Norrie mice 119 ± 10 pF (n = 40). The mean access
resistance ofRPE cells fromwild-typemice was in whole-cell
recordings 15.8 ± 1.6 MX (n = 21) and in perforated-patch
recordings 17.4 ± 1.4 MX (n = 37). In cells from Norrie
mice, the access resistance was in whole-cell recordings
15.0 ± 2.4 MX (n = 11) and in perforated-patch recordings
17.3 ± 1.4 MX (n = 27). Maximum current amplitudes used
for the calculation of current densities were measured at the
end of a 50 ms voltage step from45 to+45 mV forK+-cur-
rents and from 70 to +20 mV for Ca2+- and Cl-currents.
In general, voltage-dependent currents were activated using
a voltage-step protocol consisting of nine voltage steps of
10 mV increasing amplitude and 50 ms duration to depolar-
ize cells from the indicated holding potential (45 mV for
K+-current measurings and 70 mV for Ca2+- and Cl-
recordings).
2.4. Western blot analysis
Cells from conﬂuent RPE cultures from Norrie- and
control mice were washed with phosphate-buﬀered saline
(PBS) and then lysed with a lysis buﬀer containing (in
mM): 150 NaCl, 50 Tris, 1 Na–orthovanadate, and 0.05
NaF, supplemented with 1% Triton X-100, 0.5% Na–deso-
xycholate, 0.1 SDS and 0.3 lg/ml EDTA. For protease
inhibition, the lysis buﬀer contained (in lg/ml): 16 benzam-
idine–HCl, 10 phenanthrolene, 10 leupeptin, 10 pepstatin,
174 phenylmethylsulfonyl ﬂuoride, and 1 aprotinin. Cell
lysis was performed with a homogenizer (Polytron; Kinem-
atik, Littau, Switzerland) and by three freeze-thawing steps
(liquid nitrogene and 42 C water bath). For isolation of
membrane proteins, cell lysates were centrifuged at
5000 rpm for 5 min at 4 C. The supernatant was centri-
fuged a second time at 18,000 rpm for 30 min and the pellet
was suspended in lysis buﬀer. After measuring the protein
concentration by the method of Bradford, equal amounts
of protein (approximately 30 lg) were loaded per track of
an 8.5% polyacrylamide gel. Electrophoresis was per-
formed in mini protean cells (Bio-Rad Life Science Group,
Hercules, CA) for 1 h at 150 V. The protein lanes were then
electroblotted for 1 h at 100 V to nitrocellulose ﬁlter
screens (Polyscreen; NEN Life Science Products, Boston,
MA). After blocking in 5% BSA in PBS–Tween solution
for 2 h at room temperature, protein blots were incubated
with primary antibody at 4 C overnight. Details regarding
the primary antibodies can be found in the next chapter‘‘immunocytochemistry’’. Anti-a1D antibodies were diluted
1:5000 in PBS–Tween solution containing 5% BSA.
2.5. Immunocytochemistry
Cover slips carrying 15 to 20 day-old primary RPE cul-
tures were washed twice with PBS and ﬁxed for 10 min in
methanol at 20 C. Cells were permeabilized with 0.5%
Triton X solution for 5 min. After blocking unspeciﬁc bind-
ing sites with 0.5% normal goat serum (NGS) in PBS for
10 min, cells were incubated with a 1:50 dilution of the
respective primary antibody for 1 h at room temperature.
Primary antibodies used in this study were: (1) mouse-de-
rived monoclonal Anti-b-Tubulin class III (Sigma, cat.#
T8660), (2) rabbit-derived polyclonal Anti-Kv1.3-subunit
(Alomone labs, cat.#APC-002,Munich, Germany), (3) rab-
bit-derived polyclonal Anti-a1D-subunit (Alomone labs,
cat.# ACC-005, Munich, Germany). A 10-min re-block
with 0.5% NGS was followed by incubation with the respec-
tive secondary antibody (Goat Anti-rabbit-IgG, Jackson
Fig. 2. Delayed rectiﬁer currents in cultured RPE cells from wild-type and Norrie mice. (A) Protocol of electrical stimulation. (B and E) Representative
traces of outward K+-currents with delayed rectiﬁer characteristics induced by depolarizing voltage steps. Similar kinetics of recordings from control (B)
and Norrie (E) cells. (C and F) Current/voltage plots of the currents shown in (B and E).Maximum current amplitudes were plotted against the potentials of
the electrical stimulation. (D) Calculation of activation time constant. Gray trace depicts a representative result of data analysis using the Hodgkin n2 model.
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Probes) for 30 min protected from light. Cells were washed
thoroughly with 0.5% NGS solution after each antibody
incubation. Immunoreactivity was observed using a ﬂuores-
cence microscope (Olympus BX 60, Hamburg, Germany)
connected to a digital camera (Fuji ColorView) and inter-
faced with a computer. Images were captured using ‘‘analy-
sis’’ software (Soft-Imaging-Systems GmbH, Muenster,
Germany) and optimized for color and contrast with Adobe
Photoshop. Negative controls were performed in the
absence of the primary antibody.
2.6. Statistical analysis
All data are presented as means ± SEM. ‘‘n’’ refers to the
number of cells used to generate a certain set of data. Test for
signiﬁcance was performed with Students t test or ANOVA.
Statistical signiﬁcance was considered at p values <0.05,
higher signiﬁcances (p < 0.01, p < 0.001) are indicated where
applicable. The V1/2 values of the voltage-dependent activa-
tion were calculated using the Boltzmann equation to ﬁt the
curves of the maximum current amplitudes plotted over the
test-potentials to activate these currents. The time constant
for delayed rectiﬁer current activation was calculated from
a current trace resulting from a voltage-step from 45 to+45 mV. The trace was ﬁtted using the n2-model of Hodgkin
and Huxley. To compare activation time constants or V1/2
values fromdiﬀerent groups of cells, mean values were calcu-
lated from individual ﬁts of n cells. These mean values were
then tested for statistical signiﬁcance.
3. Results
3.1. Identiﬁcation and characteristics of mouse RPE cells in
culture
Primary RPE cultures from 14 day-old mice were estab-
lished using the method described above and consisted of
subconﬂuent layers of cells with variable pigmentation.
However, only half of the preparations gave rise to growing
primary cultures. The reason for this inconsistency, which
was seen in both Norrie and wild-type mice, remains
unclear. Cells displayed a typical cobble-stone like mor-
phology similar to RPE cultures from other species
(Strauss & Wienrich, 1993; Wills et al., 2000). Immuno-
staining with antibodies against class III b-tubulin, an
RPE-associated marker particularly useful for staining cul-
tured RPE cells (Vinores et al., 1995), was used to conﬁrm
that the cultures were solely comprised of RPE cells (Figs.
1A and B). Under these conditions, no morphological dif-
Fig. 3. Eﬀect of inhibition of protein tyrosine kinase on outwardly rectifying K+ currents of cultured mouse RPE. Inhibition of tyrosine kinase with
genistein (50 lM) reduced the maximum current amplitude; representative traces for cells from control (A) and Norrie (D) mice. (B and E) Current/
voltage relationship corresponding to traces shown in (A) and (D). (C and F) Bar graph summarizing the eﬀect of genistein on four cells from control mice
(p < 0.01) and on four cells from Norrie mice (p < 0.001).
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mice. Electrophysiological recordings were performed on
subconﬂuent cell cultures.
3.2. Membrane properties of RPE cells from wild-type and
Norrie mice
3.2.1. Recordings in physiological K+ concentrations
Directly after breaking into the whole-cell conﬁguration
cultured wild-type mouse RPE cells showed a resting mem-
brane potential of 37.6 ± 3.5 mV (n = 7). The resting
potential in cells from Norrie mice was 40 ± 6.9 mV
(n = 7). Electrical stimulation led to activation of diﬀerent
types of voltage-dependent currents in RPE cells from
wild-type mice.
3.2.1.1. Outwardly rectifying currents. Stepwise depolarisa-
tion (Fig. 2A) from a holding potential of 45 to +45 mV
(10 mV increment, 50 ms duration for each voltage-step)
led to activation of slowly activating and outwardly rectify-
ing currents (Fig. 2B). In wild-type mice, the currents acti-
vated at potentials more positive than 24.0 ± 2.9 mV
(n = 17; Fig. 2C). The activation time constant of the cur-
rent activated by a voltage-step from 45 to +45 mV wascalculated using the n2-model of Hodgkin and Huxley
(Fig. 2D). In cells from wild-type mice, the currents activat-
ed with 7.7 ± 1.1 ms (n = 17). The maximum current densi-
ty of this current at +45 mV was 1.9 ± 0.3 pApF1 (n = 22)
with a mean membrane capacitance of 112.0 ± 12.5 pF
(n = 22). Immunocytochemistry revealed the presence of
the Kv1.3 subunits in conﬂuent cultures of mouse RPE cells
(Figs. 1C and D). The application of the speciﬁc Kv1.3
potassium channel blocker agitoxin-2 (10 nM) reduced the
maximum current amplitude to 30.1 ± 10% of control
(p < 0.05; n = 3; data not shown), further substantiating
the identiﬁcation of Kv1.3 delayed rectiﬁer K+ channels.
Using the same stimulation protocols as with wild-type
cells, RPE cells from Norrie mice exhibited outwardly recti-
fying K+ currents that did not diﬀer from the K+ currents
seen in wild-type RPE cultures (Fig. 2E). The current acti-
vated in cells from Norrie mice at potentials more positive
than 26.0 ± 3.5 mV (n = 9; Fig. 2F) with an average time
constant of 6.8 ± 1.1 ms (n = 9). Based on a mean mem-
brane capacitance of 114.5 ± 16.9 pF (n = 14) the calculat-
ed current density was 2.0 ± 0.4 pApF1 (n = 14).
Based on studies on rat and human cultured RPE show-
ing that the activity of the delayed rectiﬁer K+ channel is
under control of tyrosine protein kinase (Strauss et al.,
Fig. 4. Inward rectiﬁer K+-currents in RPE cultures from control and Norrie mice. (A) Stimulation protocol. (B and D) In approximately 5% of cells
investigated, hyperpolarising voltage steps induced an inward current, as shown here in representative traces for control (B) and Norrie (D) mice. (C and
E) Corresponding current/voltage relationship of the currents. The currents activate between 60 and 80 mV.
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istein (50 lM), which eﬀectively reduced the outwardly rec-
tifying currents to 44.5 ± 3.7% (p < 0.01, ANOVA;
recovery to 82.8 ± 21% of control, n = 4; Figs. 3A–C).
An even more pronounced genistein sensitivity was seen
in delayed rectiﬁer K+ currents from Norrie mice. Applica-
tion of 50 lM genistein reduced the current amplitude to
20.1 ± 10.0% (p < 0.001; recovery to 61.5 ± 20%, n = 4;
Figs. 3D–F). However, this eﬀect was not signiﬁcantly dif-
ferent from wild-type RPE cells (p = 0.079).
3.2.1.2. Inwardly rectifying currents. In approximately 5%
of investigated RPE cells of both backgrounds—wildtype
and Norrie—a stepwise hyperpolarisation from a holding
potential of 45 to 135 mV (10 mV increment, 50 ms
duration; Fig. 4A) induced an inwardly rectifying current
(Figs. 4B and D), which activated at potentials more nega-
tive than 70 mV (Figs. 4C and E) and showed mild inac-
tivation at very negative potentials. The maximum current
density calculated from a voltage step from 45 mV to
135 mV was 0.96 ± 0.2 pApF1 (n = 6) for control mice
and 1.6 ± 1.1 pApF1 (n = 3) for Norrie mice, a nonsignif-
icant diﬀerence between the two groups (p > 0.05).3.2.2. Recordings in extra- and intracellular K+-free
conditions
To evaluate the expression of ion channels diﬀerent
from K+ channels, whole-cell recordings were performed
under extra- and intracellular K+-free conditions. The per-
forated patch conﬁguration was chosen to minimize the
eﬀect of the wash-out phenomenon on Ca2+-channel activ-
ity. Under these conditions, cells showed a mean mem-
brane capacitance of 129.3 ± 12.5 pF (n = 35).
3.2.2.1. L-type Ca2+ channels. As a standard setting, the
cells were electrically stimulated by stepwise depolarization
from a holding potential of 70 to +20 mV (+10 mV incre-
ment, 50 ms duration; Fig. 5A). In the presence of extracel-
lular Ba2+ (10 mM) as charge carrier, this electrical
stimulation of RPE cells from wild-type mice led to activa-
tion of fast activating inward currents (Fig. 5B) with a
slower inactivation course. These currents activated at
potentials more positive than 31.1 ± 1.9 mV (n = 35;
Fig. 5C) and reached a maximum current density of
1.2 ± 0.1 pApF1 (n = 35). The voltage-dependent activa-
tion was calculated using the Boltzmann equation to ﬁt
the activation curve. The resulting potential of the half
Fig. 5. L-type currents in cultured RPE cells from wild-type and Norrie mice. (A) Stimulation protocol. (B and D) In K+-free conditions and with 10 mM
Ba2+ in the bath, depolarizing voltage steps led to an activation of Ca2+-channels characteristic for L-type channels. Holding potential 70 mV.
Representative traces for control (B) and Norrie mice (D), respectively. (C and E) Current/voltage relationship of (B and D). (F) Application of L-type
channel blocker nifedipine (10 lM) led to an inhibition of the Ba2+-currents of both control and Norrie mouse RPE cells. (G) Western blot analysis
conﬁrmed the presence of the a1D-subunit of L-type Ca
2+-channels (bp = block peptide).
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The time-to-peak parameter was determined as a mean
6.4 ± 0.8 ms (n = 35). Inactivation occurred exponentially
with an average time constant of 8.4 ± 1.5 ms (n = 35).
To further elucidate the identity of the channel that facili-
tates the barium current we tested its dihydropyridine sen-
sitivity, a feature characteristic for L-type Ca2+ channels.
Application of the dihydropyridine compound nifedipine
(105 M) reduced the maximum current amplitude to
65.6 ± 12.8% of control (p < 0.05, Students t test; recovery
occurred to 109.3 ± 7% of control, n = 4; Fig. 5F) indicat-
ing L-type Ca2+-channel involvement. Additional support
for an association to the L-type family was gained by
immunocytochemistry revealing positive staining for L-
type channel a1D-subunit (Figs. 1E and F) and by Western
blot analysis using the same anti-a1D antibody (Fig. 5G).
Recording under identical experimental conditions, the
same type of Ba2+ current was found in RPE cells from
Norrie mice (Fig. 5D). The current activated at potentials
more positive than 32.6 ± 2.5 mV (n = 23; Fig. 5E) and
showed similar kinetics compared to wild-type mice. The
half maximal activation (V1/2) was 20.5 ± 1.5 mV (n = 23)
and the current reached a maximum current density of
1.1 ± 0.1 pApF1 (n = 23). The time-to-peak value was
6.8 ± 0.8 ms (n = 23), inactivation time constant was calcu-lated to a mean value of 8.3 ± 1.5 ms (n = 23). No statisti-
cally signiﬁcant diﬀerences were found between the values
characterizing this current in wild-type and Norrie mice.
As in control mice, the barium currents in Norrie mice dis-
played strong dihydropyridine sensitivity, indicating L-type
Ca2+-channel involvement. Application of 10 lM nifedi-
pine to the bath solution reduced the maximum current
amplitude to 52.5 ± 8.6% (p < 0.01; recovery to
64.8 ± 20.8%, n = 5; Fig. 5F).
As has been shown in previous studies, the current
through L-type channels appears to be activated by protein
tyrosine kinases. To test this relation we applied the tyro-
sine kinase inhibitor genistein (50 lM) and observed a sig-
niﬁcant reduction of the maximum current amplitude to
28 ± 4% of control (p < 0.001, Students t test; recovery to
72.4 ± 12.5% of control, n = 13; Figs. 6A and B) in cells
from wild-type mice and to 37 ± 3.7% (n = 11, p < 0.001;
recovery to 79.2 ± 12.1%; Figs. 6C and D) in cells from
Norrie mice. The diﬀerence between the two groups was
not signiﬁcant (p > 0.05).
3.2.2.2. Cl channels. In approximately 10% of all investi-
gated cells under K+-free conditions, outwardly rectifying
currents were observed when the cells were stimulated by
depolarisation from a holding potential of 70 mV
Fig. 6. Eﬀect of inhibition of protein tyrosine kinase on L-type currents of control and Norrie mouse RPE. (A and C) Current/voltage relationship of
representative recordings from control (A) andNorriemice (C).Application of tyrosine kinase inhibitor genistein (50 lM) signiﬁcantly reduced the amplitude
of the current. (B andD) Bar graph summarizing the eﬀect of genistein on 13 cells from control mice (p < 0.001) and on 11 cells fromNorrie mice (p < 0.001).
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activated at potentials more positive than
48.8 ± 3.5 mV (n = 8; Fig. 7C) and reached a maximum
current density at +20 mV of 4.3 ± 0.9 pApF1 (n = 8).
Application of the Cl channel blocker DIDS (1 mM)
reduced the maximum current amplitude to 25.8 ± 4.7%
of control (p < 0.01, Students t test; recovery to
62.1 ± 13.5% of control, n = 3; Figs. 7F and G), indicating
that outward currents were facilitated through Cl chan-
nels. Interestingly, these channels were active even in the
absence of known trigger stimuli like hypo-osmotic swell-
ing or activation of signal transduction cascades. In RPE
cells from Norrie mice the current activated at potentials
more positive than 47.1 ± 4.7 mV (n = 7; Fig. 7E) and
reached a maximum current density at +20 mV of
4.1 ± 1.2 pApF1 (n = 7; Fig. 7D). As with the aforemen-
tioned ion channels, there was no diﬀerence in the Cl
channel conductances of wild-type and Norrie mice.
Together, our data provide the ﬁrst basic electrophysio-
logical characterization of cultured mouse RPE cells.
Delayed rectiﬁer K+ channels, inward rectiﬁer K+ chan-
nels, CaV1.3 L-type Ca
2+ channels, and voltage-dependent
Cl channels are functionally expressed in these cells,
although the degree of expression varies considerably
between cells. RPE cells from a knock-out model for Nor-
rie disease displayed no diﬀerences to control cells in their
electrophysiological assessment.
4. Discussion
Primary cultures proved to be a valuable model to study
electrophysiological properties of mouse RPE cells. Thesecells showed ion channel currents comparable to RPE cells
of other species. We found no diﬀerences in ion channel
properties between an animal model for Norrie disease
and wild-type littermates.
4.1. Ion channels in RPE cells from wild-type mice
K+ channels with properties of delayed-rectiﬁer chan-
nels were identiﬁed in nearly all cells. This type of K+ chan-
nel was found in RPE cells from every species investigated
so far and appears to play a role in controlling the activity
of L-type Ca2+ channels (Strauss, 2005). Furthermore, this
current was sensitive to protein tyrosine kinase inhibition
representing a typical feature in RPE cells. In rat cells,
using the inactive genistein analogue daidzein, we demon-
strated that genistein-dependent reduction of delayed recti-
ﬁer currents is due to tyrosine kinase inhibition and not due
to unspeciﬁc binding to the channel protein (Strauss et al.,
2002). The same study revealed that delayed rectiﬁer chan-
nels are mainly composed of Kv1.3 K+ channel subunits.
Immunohistochemical staining and sensitivity to agitoxin
conﬁrmed that cultured mouse cells also express Kv1.3
subunits.
A second type of K+ channel exhibited currents charac-
teristic for inwardly rectifying K+ channels. These currents
were observed in only about 5% of the cells which is in con-
trast to earlier studies on cultured rat and rabbit RPE cells
with more frequently observed functional expression
(Strauss, Weiser, & Wienrich, 1994; Tao, Rafuse, & Kelly,
1994). Previously, the inward rectiﬁers could be identiﬁed
as channels composed of Kir7.1 subunits (Shimura et al.,
2001). This was, however, not tested in this study.
Fig. 7. Chloride channels in cultured RPE cells from wild-type and Norrie mice. (A) Stimulation protocol. (B and D) In K+-free conditions and in the
presence of Ba2+, depolarizing voltage steps induced outward currents in approximately 10% of cells traces for control (B) and Norrie (D) cells. (C and E)
Corresponding of the currents displayed in (B and D), respectively. (F) Sensitivity to the Cl-channel blocker DIDS (1 mM) conﬁrmed the presence of
active Cl-channels; current/voltage relationship of a representative experiment on RPE cells of control mice. (G) Bar graph summarizing the eﬀect of
DIDS on three cells from control mice (p < 0.01).
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solution we consistently observed inward currents identiﬁ-
able as currents through L-type Ca2+ channels. A compa-
rably high concentration of the dihydropyridine
compound nifedipine was needed to incompletely block
the Ba2+ currents through these channels. This relative
insensitivity seems to be characteristic for L-type channels
of the CaV1.3 subtype in the RPE (Rosenthal & Strauss,
2002). In contrast to observations in heterologeous expres-
sion systems (Safa, Boulter, & Hales, 2001),CaV 1.3 chan-
nels in mouse RPE cells were only incompletely blocked
by dihydropyridine derivatives. This seems to be a property
of CaV1.3 channels in natural systems, as has been shown
in RPE cells (Rosenthal & Strauss, 2002) and in outer hair
cells (OHC) of the cochlea of mice (Michna et al., 2003).
The latter group discussed that variation in the splicing
pattern may contribute to these diﬀerences. Indeed, we
identiﬁed a splicing variant of CaV1.3 in human RPE cells,
which has not been reported before or analysed in heterol-
ogeous expression systems (Wimmers, Coeppicus, &
Strauss, 2004). This might also be an explanation for theunusual fast inactivation of the currents in the RPE (Ueda
& Steinberg, 1995), as well as in other systems (Koschak
et al., 2001). Another reason for the fast inactivation might
be the regulation of these channels. This type of Ca2+ chan-
nel appeared to be dependent on the activity level of
protein tyrosine kinases (PTK). Though a direct non-
catalytic eﬀect of the PTK blocker genistein on cardiac
L-type Ca2+-channel activity has been reported previously
(Belevych, Warrier, & Harvey, 2002), the direct interaction
of RPE cell L-type Ca2+ channels by tyrosine kinase
has been shown by immunoprecipitation. In cultured
mouse RPE but also in cultured rat cells, L-type channel
activity was blocked by genistein and lavendustin A, but
not by the inactive genistein analog daidzein (Strauss
et al., 1997).
The expression of CaV1.3-subunit in mouse RPE was
conﬁrmed by Western blot analysis and immunocytochem-
istry. Though our data provide suﬃcient support for the
view that mouse RPE cells express L-type Ca2+ channels
of the CaV1.3 subtype, we cannot completely rule out the
expression of additional Ca2+-channel subtypes.
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pendent ion channel was active at potentials more positive
than 48 mV and blocked by DIDS. This current resem-
bles the DIDS-sensitive Cl channel currents described
for rat and frog RPE cells (Edelman, Lin, & Miller, 1994;
Strauß, Wiederholt, & Wienrich, 1996). Under our experi-
mental conditions, involvement of Ca2+-activated Cl
channels appears to be unlikely since Ba2+ was used as
charge carrier in the external solution.
In summary, mouse RPE cells express several voltage-de-
pendent ion channels, which have also been found in freshly
isolated or cultured RPE cells from many species including
man. Thus, cultured RPE cells from mice can be used to
study ion channel properties of transgenic mouse RPE cells.
4.2. Comparison with ion channels of RPE cells from Norrie
mice
Most studies on the Norrie disease mouse model consis-
tently located the majority of pathological changes in the
inner retina. Though, based on mild changes in the ERG
and RPE pigment mottling, involvement of the RPE in
the disease process was not ruled out. (Berger et al.,
1996; Ruether et al., 1997). We therefore evaluated poten-
tial disease related changes in the RPE.
RPE cells fromNorriemice showedbasic features compa-
rable to RPE cells from wild-type mice. The cells developed
cobble-stone morphology as seen in wild-type RPE cultures.
Membrane capacitance and resting potential were in the
same range. Also the same types of voltage-dependent ion
channels could be observed in both groups of cells.
A detailed electrophysiological analysis of the diﬀerent
voltage-dependent ion channels revealed no diﬀerences of
RPE cells from Norrie mice compared to cells from wild-
type mice. Since the pattern of functional ion channels is
a very sensitive marker for diﬀerentiation of cells the Nor-
rie gene product might have no or only little inﬂuence on
RPE cell function and diﬀerentiation. Thus, RPE-associat-
ed changes in Norrie mice, represent no primary defects
resulting from absence of the Norrie gene product. Howev-
er, only young animals were included in our study. A recent
report described the late eﬀects of the Norrie knock-out
mutation on numerous photoreceptor speciﬁc gene tran-
scripts (Lenzner et al., 2002). Changes in RPE function
might well be associated with this late phenotype, which
would also be consistent with indirect disease consequences.
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